Many coral reef systems are shelf-based and consist of reefs that are arranged in rows parallel to the coastline. They usually show an increase in species richness in the offshore direction, coinciding with decreasing terrigenous impact and a deeper seafloor. These two conditions usually concur, which makes it less easy to distinguish how each of them influences coral diversity separately. Since reefs off Jakarta (in the Thousand Islands archipelago) are arranged in an 80 km long string perpendicular to the coastline in south-to-north direction, with a maximum shelf depth halfway along (instead of at the end of) the string, this archipelago is very suitable for studies on inshore-offshore gradients. In the present study, mushroom corals (Fungiidae; n = 31) were used to examine diversity patterns on 38 reef sites along such a gradient, involving species richness over their entire depth range from reef flat to reef base (2-30 m) and separately at shallow depths (2-6 m). Total species diversity was highest in the central part of the archipelago, with unique species occurring in deep habitats. Diversity at shallow depths was only slightly higher here than at reefs located more nearshore and offshore, which both had less clear water. Therefore, shelf depth and distance from the mainland can be considered separate determinants of coral diversity off Jakarta.
Introduction
Shelf-based reef systems are ideal model areas in which to study the influence of inshore-to-offshore environmental gradients on the diversity of reef coral assemblages. Reefs located closer to major shorelines (hereafter inshore or nearshore) are exposed to terrigenous and anthropogenic impact from nearby land mass [1] and to oceanic conditions at the offshore side, resulting in increasing water quality away from the coastline [2] [3] [4] [5] [6] [7] . In addition, the seafloor of such shelf systems usually shows a gradually increasing depth in the same direction, up to the shelf ridge [8, 9] . Nearshore reef zones receive sediment from river outlets, which keeps the seafloor shallow and water more turbid here [10] . In order to examine the effects of water quality and depth on species diversity, they should be analyzed separately. To serve as a model reef system and to enable the distinction of clear diversity patterns, the reefs should be abundant, evenly distributed, and be geomorphologically uniform. Most such reef systems are predominantly arranged alongside and parallel to the mainland shoreline, such as the Great Barrier Reef, located off the north-east Australian coast [11] [12] [13] [14] [15] , and various smaller shelf-based reef complexes, such as the Spermonde Archipelago off Southwest Sulawesi [5, [16] [17] [18] [19] , the occurring at greater depths [88, 89] . Distance from the mainland represents reach of terrigenous impact, which is most clearly visible through the presence of river plumes [24, 64] . Shelf depth can influence wave-driven sediment resuspension [98, 99] , with relatively clear water expected above deep seafloors, and also on the maximum depth range of coral assemblages, including species that are specialized in deep-water habitats. A diversity gradient at shallow depths alone may also depend on abiotic parameters related to distance from the shoreline and to maximum shelf depth, for example by varying species concentrations that are partly determined by the distribution of rare species. The reef complex off Jakarta, with a shelf depth not linearly related to distance offshore, is therefore suitable for testing whether these two parameters can operate as distinct drivers of coral diversity. 
Materials and Methods

Research Area and Abiotic Parameters
Field data were sampled in September 2005 during a survey in Jakarta Bay and the Thousand Islands, together forming an 80 km long string of islands more or less perpendicular to the coastline in NNW direction ( Figure 1 ). The expedition was organized by the Research Centre for Oceanography (Indonesian Institute of Sciences = LIPI) in Jakarta and by Naturalis Biodiversity Center, Leiden [100] . Thirty-eight reef sites were visited, mostly located at the northwestern side of each island, similar to expeditions in 1985 and 1995 [2, [101] [102] [103] but now including three extra reefs: Karang Jong, Pulau Peniki, and an unnamed shoal south of Pulau Pari ( Figure 1 , Table 1 ).
The 38 reef sites were divided over three zones arranged from inshore to offshore, varying in shelf depth: 11 sites in Zone 1 (0-30 m), 15 sites in Zone 2 (30-60 m), 12 sites in Zone 3 (20-40 m) . Seafloor depth was determined with the help of nautical charts (scale 1:20,000 or 1:50,000) issued by the Indonesian Navy [104] [105] [106] [107] [108] [109] [110] [111] . Transparency of the water column was measured with a standard 30 cm wide secchi disc with maximum visibility depth marked in meters along a rope [111] . Site coordinates were determined with a GPS (Garmin eTrex). Coordinates of reference points on the coastline, representing possible sources of pollution (mainland, river outlets, and Tanjung Priok harbor), were found with Google Maps [112] . To convert coordinate units from DMS (degrees, minutes, seconds) to DD (decimal degrees) and to measure the distance from each reef site to reference points on the mainland, the program GPS Coordinates was used [113] .
Coral Data
At each site a distinction was made between mushroom coral species recorded at 2-6 m depth only (reef flat and upper slope) and those over the whole reef profile, from 2 m depth down to the reef base at 30 m depth or less. These separate approaches (shallow vs. all depths) allow a distinction between coral diversity depending on water quality (distance offshore, turbidity) and diversity depending on bathymetrical reef range (limited by maximum shelf depth). The coral data from shallow depths were obtained from 30 m long, 1 m wide belt transects, three at 3 m and three at 5 m [100, 114] , within a depth range of 2-6 m, while records from deeper water were acquired by the roving diver technique [115] . Each data sample (one per reef site) is based on a single 60 min dive.
Representative specimens were photographed with a Ricoh Caplio RR30 camera in a Sea&Sea DX-3000 housing. Identifications were based on taxonomic revisions and faunistic works available in 2005 [90, 116] ; their present classifications follow subsequent species descriptions and taxonomic revisions [82, 83, 85, 86, 117] . Earlier records [66, 90] and voucher specimens in the coral collection of Natural Biodiversity Center from the research area were reexamined to check for species that could have been missed during the 2005 survey.
Data Analysis
Abiotic parameters and diversity counts were correlated by linear and non-linear regressions and fitted line plots through quadratic and linear model functions in the Minitab package [118] . A quadratic model was preferred above a linear model when it resulted in a better correlation (higher r-value). The following abiotic relations were analyzed: Shelf depth-latitude, secchi depth-distance to mainland, and secchi depth-shelf depth. Total mushroom coral diversity was correlated with shelf depth, secchi depth, latitude, distance to mainland, distance to harbor, and distance to nearest river outlet. Because the last four functions were very similar in correlation, diversity in shallow water was only related to shelf depth, secchi depth, and latitude.
Species richness estimators were used to compare the total number of observed species (incidence data) for all 38 sites together with theoretically expected species numbers in order to determine whether the diversity data set is representative. The analyses were performed with the program EstimateS 9.1 [119] . The observed number of species (SObs) is presented as an asymptotic accumulation curve, which was constructed after the sample order was randomized and the values were averaged, resulting in a mean and standard deviation of the observed species number for each consecutive sample unit and for the estimators Chao2 and ICE (incidence coverage-based estimator), the latter of which is more sensitive to unique species. Therefore the number of uniques (species represented in a single sample) is also given.
Results
Abiotic Parameters
Shelf depth does not show a linear correlation with latitude (r = 0.385, p > 0.05). A deep channel (Zone 2) roughly runs in east-to-west direction and separates the two shallow shelf zones, Zone 1 and Zone 3 (Figure 1 ). This bathymetric variation is also reflected in the maximum shelf depth for each site, with 54 m depth records at Payung Besar and Payung Kecil (Figure 2a ; Table 1 ). Secchi depth shows a similar relation, with the clearest water in the mid-section of the study area (Zone 2), where the seafloor is deepest (Figures 1b and 2b ; Table 1) . Therefore a quadratic model shows a stronger correlation between secchi depth and distance to mainland (r = 0.822) than a linear model (r = 0.561), meaning that water is less transparent north and south of the channel. Secchi depth shows a very significant linear relation with shelf depth (p < 0.00001), which is consistent with the clearest water occurring near reefs of Zone 2 (Figure 2c ).
Species Diversity Patterns
Entire Depth Range
The number of mushroom coral species per site varied from 0 at Pulau Onrust (Bay of Jakarta) to 23 at Pulau Peniki in Zone 2 (Table S1; Figure 3a) . The significant relation between species number and shelf depth fits better in a quadratic model (r = 0.882) than in a linear model (r = 0.772). The function approaches an asymptote, suggesting a saturation effect, meaning that over a shelf depth of ca. 42 m no higher numbers of observed species per sample unit can be expected. The number of species also depends on water transparency (secchi depth, Figure 3b ), with a slightly stronger correlation for the quadratic model (r = 0.865) than the linear model (0.820) and a saturation point at ca. 16 m visibility depth. The quadratic relations between species diversity and distances of the reef sites from the mainland (r = 0.775), nearest river outlet (r = 0.768), and Tanjung Priok harbor (r = 0.825) are very similar to such a relation with latitude (r = 0.864), with the last being the strongest (Figure 3c-f ). Their r-values do not differ significantly after Fisher r-to-z transformation (p > 0.05). All fit better than linear relations (r = 0.559, 0.574, 0.697, 0.655, respectively) and reflect a maximum species diversity in Zone 2.
A larger number of species in Zone 2 is also shown by the total number of all observed species in that zone (n = 29), as compared to nearshore Zone 1 (n = 16) and offshore Zone 3 (n = 24). With the addition of two historical records, the total numbers for Zone 2 and Zone 3 are each one species higher ( Table 2 ; Figure 4d -f). Seven species represent new records for the research area (Table 2) . Table 2 . Numbers of mushroom coral species (n = 31) encountered off Jakarta: 29 species recorded in 2005 and two additional ones observed in 1983 and 1995; # = new species record for the area. Shallow-water records (if any) are indicated by brackets.
Species
Zone 1 Some species are common in all shelf zones, such as the free-living Fungia fungites, Pleuractis paumotensis, and Sandalolitha robusta, and the attached species Lithophyllon undulatum ( Table 2) . A few species with shallow-water records have only been encountered rarely in Zone 2 and Zone 3, such as the free-living species Halomitra pileus, Lithophyllon scabra, Lobactis scutaria, and Pleuractis granulosa, and the attached Podabacia kunzmanni (Table 2; Figure 4 ). Typical taxa for these two zones are the free-living Ctenactis albitentaculata, Ctenactis crassa, Cycloseris boschmai, Cycloseris costulata, Cycloseris cyclolites, and Sandalolitha dentata (Table 2; Figure 5 ). Deep-living species were found on lower reef slopes, such as the encrusting species Cycloseris explanulata and Cycloseris mokai, and on reef bases in both zones, such as the free-living Cycloseris fragilis, Cycloseris sinensis, and Cycloseris vaughani (Table 2; Figure 6 ). Cycloseris fragilis and C. sinensis were found in complete shape and in self-fragmenting mode (Figure 6c,d) . 
Shallow Depths
Species richness at 2-6 m depth excludes species only found on lower reef slopes and sandy reef bases. The relation between species number and shelf depth is represented better by a quadratic model (Figure 7a ; r = 0.795) than a linear model (r = 0.614). The maximum values are found in Zone 3, while the plot reaches its maximum in Zone 2. A similar relation is found between species richness at 2-6 m depth and secchi depth, showing an increasing species richness with higher visibility from Zone 1 to Zone 2 (Figure 7b ; quadratic r = 0.829, linear r = 0.735). The number of shallow species also increases in northward direction with distance offshore, approaching an asymptotic relation (Figure 7c ; quadratic r = 0.852, linear r = 0.760). Totals of shallow-water records among the three zones vary little with values of 16, 18, and 17, respectively ( Table 2 ). At some offshore localities, such as Pulau Putri in Zone 3, reefs were damaged at shallow depths because of blast fishing. Living mushroom corals were found in between dead and live coral fragments of other species (Figure 8 ). 
Species Richness Estimators
Application of species richness estimators (all reaching asymptotes) indicates that the total observed number of species (n = 29) is very similar to the estimated numbers Chao2 (n = 29) and ICE (n = 30) ( Figure 9 ). The number of uniques (n = 2) is low. Two additional species observed in 1983 and 1995, respectively, were not taken into account. 
Discussion
The arrangement of the reefs off Jakarta in an 80 km long string perpendicular to the coastline makes this archipelago suitable for a study of inshore-offshore diversity patterns. The present results show that the highest diversity of mushroom corals off Jakarta can be found on the reefs surrounded by a deep seafloor in the central section of the archipelago and not on the northernmost reefs, which are farthest away from the mainland. This concerns diversity at shallow depths, probably due to clear water in the central part, and over the entire reef profile, including a sandy base with sediment-tolerant species. The offshore reefs have shown a large reduction in water transparency since the 1920s, while the turbidity on the inshore reefs has not changed much until 2005, after which offshore reefs started to show a better visibility compared to inshore reefs [57, [120] [121] [122] . Since the offshore reefs of Zone 3 are based on a shallow seafloor, sediment from the bottom may become resuspended more easily by wave action here than near reefs surrounded by deep water (Zone 2).
Lobactis scutaria, uniquely found in Zone 2 ( Table 2 ; Figure 7b ), is an example of a species that is common in clear water at shallow depths [16] . Other fungiids exclusively occurring in Zone 2 are free-living species found on reef slopes, such as C. boschmai and C. cyclolites (Figure 8c,d) , and a single species living on a deep reef base, C. vaughani (Figure 6f ), which is consistent with their distribution patterns at SW Sulawesi [17] . The latter species is also known to occur at mesophotic depths [77] . Encrusting species usually found on lower reef slopes, such as C. explanulata and C. mokai, were also most frequently observed in Zone 2. At SW Sulawesi, the outermost reefs are situated on a shallow barrier, which are less rich in fungiids than mid-shelf reefs surrounded by deeper reef slopes and reef bases [1, 17, 74] , which is consistent with the depth-related diversity off Jakarta. Interestingly, mushroom corals in zones 2 and 3 may not be abundant at very shallow depths (<2 m), where families like Acroporidae and Poritidae are dominant [123] .
Most previous coral studies on inshore-offshore gradients near Jakarta did not focus on diversity but on coral cover at shallow depths, generally finding highest values in Zone 2 and Zone 3 [2, 57, 58, 114, 124] . Reports dealing with coral diversity were limited to observations at shallow depths (5 m), and also with high numbers in Zone 2 and Zone 3 [88, 89, 102, 125] , thus discounting species that prefer greater depths. In a parallel study (in 2005) on algae down to 30 m depth, a maximum diversity was also found in the deeper part of the shelf (with the addition of some reefs more to the north) and a declining species number towards the north [126] . On the other hand, fish counts in shallow water (<10 m depth) resulted in an increase of species richness with distance offshore [127] . A similar relation was found for sponges collected from depths <20 m [128] . However, these studies did not distinguish between taxa that prefer shallow habitats and those that usually live deeper.
The present study did not reveal significant differences among species diversity gradients along a latitudinal gradient, distance offshore, distance from the nearest river outlet, and distance from Tanjung Priok harbor ( Figure 2 ). There are multiple river outlets distributed along the coastline inside and outside Jakarta Bay, which together cause a diffuse influx of freshwater and contaminants along the shoreline [122, 129] , whereas reefs outside the Bay of Jakarta, in particular those farthest away from the mainland, show little difference in terrigenous impact [58] .
A marine park has been designed to include only some of the most offshore reefs [45, 47, 130, 131] . These remote reefs needed protection because illegal blast fishing was a very common practice here until the mid-1980s [132, 133] . Its impact could still be witnessed in 2005 ( Figure 8 ) and a recent study indicated that, until recently, blast fishing has still been going on [49] . Blast-generated craters and rubble fields may take decades to recover [133] [134] [135] [136] and while it appears that free-living mushroom corals among the dead coral fragments have survived, they may also have arrived by migration [137] . Although the blast fishing predominantly took place at shallow depths, there are no signs that this affected species richness here in 2005.
The 2005 survey resulted in seven new records of reef coral species for Jakarta, including one from 4 m depth, the small attached Podabacia kunzmanni, which was described in 2009 and previously not recognized [82] , and two small free-living species from deep (>20 m) sandy reef bases, C. sinensis and C. vaughani ( Table 2 ). With a record of 31 fungiids, the islands of Jakarta are not as diverse as most areas studied in the adjacent Coral Triangle (30 ≤ n ≤ 44) [25, 42, 75, 138] but they are more diverse than reef areas in the nearby Gulf of Thailand (20 ≤ n ≤ 28) [139] .
Several corals of C. fragilis and C. sinensis were showing autotomy (self-fragmentation) and regeneration on the deep sandy reef bases as a mechanism of asexual reproduction (Figure 6c,e ). This has not reported before from the Thousand Islands but it is common in similar habitats elsewhere [77, 140, 141] . On sandy substrates, this mechanism may replace sexual reproduction, for which a solid settlement substrate is needed before the corals become free-living [142, 143] . Small, unattached mushroom corals can survive on sandy substrates because they are able to shed sediments [144, 145] and they can move themselves away from direct threats [146] [147] [148] . Nevertheless, unattached fungiids are not unique as free-living and mobile corals on reefs worldwide and in the fossil record [78] [79] [80] 149, 150] , which implies that the Fungiidae still constitute a suitable model taxon for Indo-Pacific coral diversity surveys.
Since many studies on reef condition focus on shallow reef zones, the present results indicate that more attention should be given to deeper reef parts. Recent research on reefs and reef zones > 20 m in depth has resulted in additional species records for other reef coral faunas, such as in the Persian Gulf [141] , Taiwan [151] , and the Great Barrier Reef [95] . Biodiversity surveys should therefore not be limited to shallow depths. There may be many other influences on species diversity, which have not been considered in the present study, such as salinity [24] , dominant substrate type [17] , and exposure to wave action and currents [1, 17, 91] . Future studies in the research area might focus on the impact of these natural factors on coral diversity and also on the effect of anthropogenic impact, such as land reclamation, pollutants, and worsening water quality [1, 5, 7] .
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